wileyonlinelibrary.com www.particle-journal.com www.MaterialsViews.com Characterization of core-shell type nanoparticles in 3D by transmission electron microscopy (TEM) can be very challenging. Especially when both heavy and light elements coexist within the same nanostructure, artifacts in the 3D reconstruction are often present. A representative example would be a particle comprising an anisotropic metallic (Au) nanoparticle coated with a (mesoporous) silica shell. To obtain a reliable 3D characterization of such an object, a dose-effi cient strategy is proposed to simultaneously acquire high-angle annular dark-fi eld scanning TEM and annular dark-fi eld tilt series for tomography. The 3D reconstruction is further improved by applying an advanced masking and interpolation approach to the acquired data. This new methodology enables us to obtain high-quality reconstructions from which also quantitative information can be extracted. This approach is broadly applicable to investigate hybrid core-shell materials.
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of an object from its 2D projections, a monotonic relationship between image intensity and mass thickness is required. [ 1 ] When applying electron tomography to crystalline solids, diffraction contrast must therefore be avoided. [ 7 ] Indeed, diffraction contrast depends on the orientation of the object with respect to the electron beam and therefore the projection requirement for electron tomography is not fulfi lled. [ 1 ] As a consequence, artifacts will occur in the fi nal 3D reconstruction. [ 8, 9 ] This is one of the main reasons why electron tomography in materials science is mostly based on high angle annular dark fi eld scanning transmission electron microscopy (HAADF-STEM). [ 1, 10 ] For each composition, the intensity of the HAADF-STEM images changes monotonically with specimen thickness thus fulfi lling the projection requirement. To obtain 3D reconstructions from HAADF-STEM tilt series, reconstruction algorithms such as the simultaneously iterative reconstruction technique (SIRT), [ 11 ] total variation minimization, [ 12, 13 ] and the discrete algebraic reconstruction technique [ 14 ] are currently used. Also for samples that consist of more than one type of element, HAADF-STEM tomography is very valuable since not only morphological but also chemical information can be extracted. [ 10 ] However, for samples in which elements with a high and low atomic number ( Z ) are simultaneously present, data acquisition becomes even more challenging. Since the intensity is strongly dependent on the atomic number, [ 10 ] a high difference in Z in the material leads to a large difference in the collected signal that is not always possible to cover with detector's dynamic range. Therefore, some areas of the image can be either overor undersaturated. This situation is often encountered when investigating core-shell hybrid materials such as nanoparticles encapsulated by a lighter matrix. In this paper, we propose an improved approach to obtain reliable 3D reconstructions for these systems, which requires optimization of both the acquisition technique and the reconstruction algorithm. During the acquisition, HAADF-STEM images are acquired using different collection angles through the simultaneous use of different (HA)ADF detectors. Prior to the reconstruction, advanced masking and interpolation will be applied. As an example, we focus here on the reconstruction of a pentatwinned (PTW) Au nanorod coated with a mesoporous silica shell. These types of materials are of great interest due to applications in catalysis, biosensing and nonlinear optics. [15] [16] [17] [18] Our results are
Introduction
Over the last decades, electron tomography has evolved into a standard technique to investigate the 3D structure of a broad range of (nano)materials. [1] [2] [3] [4] [5] [6] To reconstruct the 3D structure www.particle-journal.com www.MaterialsViews.com equally applicable to other hybrid nanosystems such as coated biotemplates, porous materials loaded with nanoparticles or carbon nanotubes that are covered with an inorganic layer.
Results

Conventional Reconstruction
Investigation of the interface between the Au nanorod and the SiO 2 shell and determination of the size and the orientation of the pores requires 3D characterization by electron tomography. Therefore, tilt series of HAADF-STEM images were acquired. Figure 1 A presents a representative 2D HAADF-STEM image from the tilt series. When using HAADF-STEM, the signal is proportional to Z n (1.6 < n < 2), n depending on the collection angle of the (HA)ADF-STEM detector. [ 19 ] In practice, the collection angle can be tuned within a specifi c range by changing the camera length of a given detector. Even more fl exibility is provided in modern transmission electron microscopy (TEM) instruments, in which more than one (HA)ADF detector is often available. It is therefore possible to optimize the contrast between different elements through a careful selection of the collection angles. In Figure 1 A, the signal from the Au core is clear, but the intensity obtained from the shell is very weak due to the relatively low atomic number elements contained in SiO 2 . The inner and outer collection angles of the HAADF detector used during the acquisition of the tilt series for electron tomography were 150 and 220 mrad, respectively. The collection angle was optimized to avoid diffraction effects, but clearly no information on the SiO 2 shell can be obtained when using these images as an input for 3D reconstruction. In order to obtain information from Au and SiO 2 simultaneously, smaller collection angles should be used. In Figure 1 B, an annular dark-fi eld (ADF)-STEM image is depicted, which was acquired using an ADF detector resulting in inner and outer collection angles of 35 and 125 mrad, respectively. It is clear that using this setup, both the Au core and the SiO 2 shell can be visualized. The Au nanorod appears to be homogeneously coated with the silica shell and one can observe that the shell has a porous morphology. A full tilt series of ADF-STEM images was acquired under the same conditions and used as an input for 3D reconstruction. A 3D visualization of the reconstruction, as well as an orthoslice through the reconstruction, is presented in Figure 2 and an animated video is available in the Supporting Information. Orthoslices through the 3D reconstruction along the XZ and XY orientations (Figure 2 A,B) clearly show the presence of artifacts, which can be seen as dark areas and streaks in the vicinity of the Au nanorod. Also in the 3D visualizations (Figure 2 C,D) , the artifacts are obvious. These artifacts appear due to a combination of the reasons listed below. 1) Diffraction contrast: artifacts originate because of the crystalline nature of the PTW Au nanorod. Such type of metal streak artifacts are also encountered in X-ray computed tomography (CT) [ 8, 9 ] and caused by nonlinear attenuated projection data. 2) High contrast in 2D projection images: high contrast artifacts are often encountered when using fi ducial Au markers in biological tomography series. These artifacts were already described in a previous study. [ 20 ] Here, a high contrast difference is present between the Au nanorod and SiO 2 in the HAADF-STEM images.
Since the observed artifacts may cause loss of information or may lead to misinterpretation, it is extremely challenging to obtain reliable 3D results for core-shell hybrid materials using conventional electron tomography. When selecting an optimal value for the collection angle, a compromise is needed between optimal contrast, produced by the atomic number of coexisting elements, and the minimization of diffraction contrast. wileyonlinelibrary.com www.particle-journal.com www.MaterialsViews.com
Optimization of Acquisition of Tilt Series
A possible approach to solve the problem is the acquisition of two tilt series for this type of core-shell nanoparticles: one series with a low collection angle to obtain information from the part of the sample containing low atomic number elements and a second series at higher collection angle such that diffraction effects are removed. However, such an experiment would acquire double the amount of incoming electrons and as a consequence, the morphology of the hybrid structure might be different during the acquisition of the fi rst and second tilt series because of electron beam damage. This will be especially problematic in the case of sensitive materials, such as the mesoporous shell surrounding the Au nanorod. We here overcome this limitation by exploiting the fl exibility of modern TEM instruments that enable one to collect multiple (HA) ADF-STEM series simultaneously, by using different (HA) ADF detectors at the same time. In this manner, one is able to simultaneously collect two tilt series while keeping the necessary electron dose the same. As such, this multimode approach is very dose effi cient. Tilt series were simultaneously acquired using an ADF detector with inner and outer collection angles of 35 and 125 mrad and a HAADF-STEM detector using inner and outer collection angles of 150 and 220 mrad, respectively.
Optimization of the 3D Reconstruction Procedure
To remove the artifacts that appear in the ADF-STEM tilt series, we propose an approach in which the complete Au nanoparticle is removed from the ADF-STEM projection images. First, the pixels corresponding to the Au nanorod were selected in the projection images of HAADF-STEM by applying a threshold. According to their histograms, the projection images were segmented into three regions; the core, the shell, and the surrounding C grid. As expected, the intensity values of the core were found to be higher in comparison to the shell. The threshold for masking was set to a value slightly higher than the intensity of the areas consisting of SiO 2 . For other types of hybrid materials, this threshold value can be similarly determined, based on the compound with lowest intensity. Subsequently, the selected pixels for the Au core were removed from the projection images ( Figure 3 B) and replaced by a new intensity value as described below.
In order to achieve maximum correspondence between the selected (removed) region for the Au nanorod and its surrounding in each of the projection images, a technique known as "inpainting" was applied. This approach replaces the absent information by a continuation of the texture of the surrounding area. Inpainting has already been applied successfully in the fi eld of X-ray tomography [ 21, 22 ] and during cryo-electron tomography experiments in order to reduce metal originated artifacts. [ 20 ] In this paper, we focus on the inpainting method implemented in the Matlab software package. More technical details can be found in ref. [ 23 ] and [ 24 ] . This function fi lls the missing data (represented by a pixel mask) by iteratively propagating the available information at the boundaries into the area in which data are missing. In order to obtain a good correspondence between the recreated (inpainted) region and the SiO 2 shell, 200 inpainting iterations were applied. This procedure was performed for each projection image of the tilt series separately, one representative image being depicted in Figure 3 C. The full tilt series that was obtained in this manner is presented in the Supporting Information. The processed tilt series was then used as an input for 3D reconstruction using the SIRT algorithm implemented in the All Scale Tomographic Reconstruction Antwerp (ASTRA) toolbox. Slices through the 3D reconstruction based on the modifi ed ADF-STEM series are presented in Figure 4 A,B, along the XZ and XY orientations, respectively. From these reconstructions, the porous structure of the shell is clearly observed and artifacts are greatly reduced as compared to Figure 2 .
Finally, the 3D HAADF-STEM and ADF-STEM reconstructions are combined into one single visualization using the www.particle-journal.com www.MaterialsViews.com AMIRA software. [ 25 ] The result of this procedure is presented in Figure 4 C,D. In Figure 4 C, the reconstruction of the Au nanorod was obtained via HAADF-STEM tomography. The surrounding SiO 2 was reconstructed using ADF-STEM tomography with an optimization of reconstruction algorithm. An animated video and the slices of the reconstructions are provided in the Supporting Information. After careful investigation, we conclude that the pores are mainly originating from the surface of the Au nanorod and the pore channels are oriented in a radial manner. Furthermore, the quality of the reconstruction enables us to estimate the average pore size, which was determined to be 2.5 nm (±0.4 nm).
Using the optimized approach for electron tomography that we present here, we were able to minimize the loss of information in the vicinity of the Au nanorod, yielding a full characterization of the 3D structure of the Au-SiO 2 hybrids. Such 3D investigation could not be obtained using conventional tomo graphy. One can expect missing information in the fi nal SiO 2 reconstruction because of the removal of the Au nanorod from the projection images. Indeed, due to the overlap of Au and SiO 2 in the 2D HAADF-STEM projection images, the removed pixels contain information from both Au and SiO 2 . Nevertheless in the fi nal reconstruction, the effect of such missing information was not prevalent. A likely explanation is that the removed intensity values were strongly dominated by the contribution of the intensity originating from the Au nanorod and a minor contribution from SiO 2 expected to be present. In addition, when the nanoparticle was tilted to higher/lower tilt angles, the previously removed information could be retrieved in the subsequent projections. We could consider that the effect of the procedure we propose here is equivalent to the effect of a small missing wedge. Given the dominant nature of the artifacts as presented in Figure 2 , the effect of removing pixels that contain intensity from the SiO 2 is much less signifi cant.
Conclusions
In this study we proposed a novel approach to reconstruct the structure of hybrid core-shell nanomaterials. Both the acquisition and reconstruction during an electron tomography experiment were hereby optimized. Tilt series were acquired in a dose-effi cient manner by simultaneously collecting images using two different (HA)ADF-STEM detectors. Furthermore, an advanced masking and inpainting procedure was applied to remove artifacts that are present in a conventional tomography reconstruction. In this manner, we were able to reliably characterize the structure of mesoporous silica coated PTW Au nanorods. It must be noted that the methodology we propose here is generally applicable to a broad range of core-shell hybrid nanostructures.
Experimental Section
Materials : The synthesis of PTW Au nanorods was carried out following a previously reported protocol. [ 26 ] Coating with mesoporous SiO 2 was obtained by a surfactant-templated synthesis adapted from the Stöber method were the PTW nanorods acted as the nucleation site. Cetyltrimethylammonium bromide was used as surfactant and tetraethoxysilane as the silica source. [ 27 ] Characterization and Instrumentation : Samples for TEM were prepared by casting drops of ethanol suspension containing the PTW Au@mSiO 2 nanoparticles on a quantifoil carbon TEM grid. The grid was placed in a model 2020 Fischione Instruments tomography holder. Tilt series were recorded using a FEI Tecnai Osiris electron microscope at an operating voltage of 120 kV. The probe convergence semiangle equalled 7 and a camera length of 34 mm was selected to obtain incoherent image formation using a HAADF-STEM detector corresponding to inner and outer collection semiangles of 150 and 220 mrad, respectively. ADF-STEM images were acquired using a different detector present in the column. A camera length of 34 mm was used yielding inner and outer semiangles of 35 and 125 mrad, respectively. Tilt series of HAADF-STEM and ADF-STEM images were simultaneously recorded at angles ranging from +74° to −73° with a 3° increment. The projection images were aligned using a cross-correlation algorithm together with a manual tilt axis adjustment implemented in the FEI Inspec3D software. [ 28 ] Both tilt series were aligned using the same shifts and tilt axis adjustments. After additional processing, as explained in Section 2.3, the tilt series were reconstructed via SIRT implementation of the ASTRA tomography toolbox [ 29, 30 ] with 100 iterations. For 3D visualizations, the Amira software was used. For the Au nanoparticle an isosurface rendering was used and, in order to visualize the silica, a volume rendering was applied. Hereby, a low alpha-scale was used in order to obtain suffi cient transparency such that the Au nanoparticle remains visible.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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